and . The extensive studies with both experiments and numerical simulations in the low and moderate Reynolds number regime have revealed many interesting phenomena, such as the discontinuity in the curve of vortex shedding frequency4 8 6 , the emergence of mode A and mode B4 8 ! 9 A @ 6
, and the existence of the spot-like large scale structures4 B D CE 6
. However, understanding of 3D vortex dynamics during the transition is far from the completion. In the previous works much information provided is about near wake vortex structures. We only have a little knowledge on the flow pattern evolution and the dynamics downstream. Some important problems concerning the physical mechanisms behind the transition phenomena remain unclear, for instance, the effect of the flow conditions on the vortex modes, the origins of modes A and B, and the vortex dislocations, as well as the route by which the wake is led to the turbulence. This paper further investigated the characteristics of 3D transition in the regime F © G ¢ G I H P R Q H T S ¢ G U G by direct numerical simulations. We explored the existence of new transition features based on DNS results and analyzed the vortex dynamics in detail. Furthermore we attempt to explain the origin of 3D vortex shedding mode.
Numerical formulations
The right-handed Cartesian coordinate system has been established, in which the positive direction of the V axis is the direction of incoming flow and the W axis is the axis of the cylinder. The 3-D N-S and the continuity equations governing the incompressible viscous flow are taken as follows, where all variables are normalized by the diameter of the cylinder X 
For the problem of the flow past a cylinder the velocity is zero on the cylinder surface, and unity on the inlet surface. The normal derivative of the velocities is zero on the other boundaries. On the outlet surface µ v G
, and on the other boundaries
where · denotes the unit vector normal to the computational domain boundary. The form of the initial condition for the 3D computations is the corresponding periodic 2D flow superposed by the spatial random disturbance of a the maximum amplitude of which is U G ¼ À G 9 Á
Numerical results
Before performing the 3D numerical simulations of the cylinder wake, the 2D flow in the regime
is simulated to verify the algorithms and the program codes, as well as to provide the initial conditions for the 3D simulations.
To assess the effect of the size of the computational domain on the numerical results, the numerical tests use various meshes marked as meshes A, B and C, the size of which , especially that of refs. [10, 11] . However, the present 3D simulations employ mesh B, the results of which is a little higher than the previous ones due to the block effect of the computational domain. The other mesh parameters of the 3D computations are listed in table 3. The Strouhal number and drag coefficient obtained from the 3D simulations are also illustrated in figs. 2 and 3. The 3D effect qualitatively conforms to the results of previous studies. Particularly the differences between the results of 3D and 2D simulations are quite close to that of ref. [11] . Table 2 Size parameters of the mesh in the 
AE Ç
are the distances from the inlet and outlet boundaries to the center of the cylinder respectively.
É Ç
is the distance between the upper and lower boundaries of the computational domain.
Ê is the number of the elements.
Ë Ì
is the number of the exterior nodes.
Ë Í Ë
is the number of nodes, including exterior ones and interior ones.
The detailed study of the flow at
can be found in our previous papers 48 C8 ! 5 6 , so only a brief introduction is given here.
is just beyond the critical Reynolds number of mode A. The near wake is in 3D quasi-periodic laminar state and present 3D transitional behaviors, such as mode A vortex shedding, which is in agreement with previous studies. However, it has been found that the spanwise characteristic length of the cylinder determines the wave length of the streamwise vortex loops, as well as the global properties of the wake. Particularly for the specific spanwise characteristic length linear stable mode, e.g. mode
, can dominate the wake in place of mode A and determine the spanwise phase difference of the primary vortices shedding. It indicates that the behavior of a dynamical system is influenced by the flow conditions. fig. 4(a) . It actually corresponds to the evolution of the flow pattern that mode A spontaneously emerges in the wake preceding all the other spanwise modes. Then it excites the linear stable mode B through the nonlinear interactions among the various spanwise modes. Eventually multiple modes coexist in the wake, which conforms to the previous studies4 5 Ë ! C8 q 8 6
and also validates the algorithm and the program codes employed. , which is the same as mode A, but the topological structure of the streamwise vortices has greatly changed. The phase (also the sign) of the streamwise vortices is arranged alternately two-positive by two-negative in spanwise direction, which is in opposite to the one-positive-by-one-negative arrangement of mode A. Actually it is a new type of 3D vortex shedding mode, which is never addressed by the previous studies. So it is named as & dual vortex pair mode '
here. From the surface of the cylinder to the formation region of the vortices and then to the wake downstream, the structure of the streamwise vortices change from mode A to mode B and then to dual vortex pair mode, as shown in fig. 5(b) . 
The distribution of time mean energy among the spanwise modes at P R Q v F G at the specific points along the streamwise direction shown in fig. 6 fig. 7(a) As time increases, in the equilibrium stage the energy on the spanwise modes at point P 5
is relatively low due to its upstream position. At points P 8 Considering the fact that ô )
does not emerge in the transient stage, when mode A dominates the wake, it is reasonably inferred that ô )
derives itself from mode A under the influence of mode B. 
Henderson4

Ë 6
suggested that three dimensionality in the wake leads to the irregular states of the flow and fast transition to turbulence by Ruelle-Takens-Newhouse (RTN) route at Reynolds numbers just beyond the onset of the secondary instability. A key feature is the competition between self-excited 3D instability modes in the mode A wavelength band. While in the present simulations, there exists only one mode in the mode A band, and the interaction between ô ) and ô 1
generates coupling frequencies so that the irregularity of the wake considerably increases. It is speculated to be another important mechanism of transition to spatio-temporal chaos and even turbulence in the wake. The physical mechanism of the onset of 3D instability is still under debate. Concerning mode A, Williamson4 6
suggested that it is caused by the elliptical instability of the vortex cores during the shedding of the Kármán vortices; Zhang et al. 4 5 ¤ B s 6
and Brede et al. 4 Á s 6
suggested that it is due to the centrifugal instability of the vortex braid; Braza et al. 4 E 6
suggested that it results from the three dimensionality of the incoming flow when passing the cylinder. In the present study streamwise vortex structures of mode A are always located on the rear surface of the cylinder in both transient and equilibrium stages at various Reynolds numbers. So the investigation on its composition may help to determine the origin of mode A. 
of mode A is the result of the three dimensionality when the incoming flow passes the cylinder rather than due to the instability of the Kármán vortices.
, modes A and B are both linearly unstable. Compared with that of P R Q v F G the local vortex shedding frequency decreases and becomes pseudo-periodic. It varies with time with much irregularity. By the study on the vortex structures in the wake it is clear that this process corresponds to different temporal evolution of the 3D vortex structures: Due to its higher growth rate mode B replaces the 2-D wake first. Then with the growth of mode A, the two modes coexist in the wake and excite the dual vortex pair mode downstream like that of
The difference is that the streamwise vortices restore the form of mode A further downstream in the far wake. In addition the energy of spanwise modes with higher wavenumbers increases compared with that of P R Q v F G which indicates the further excitation of the small scale structures.
Conclusion
The present numerical results confirm further some basic features given by the previous investigations, e.g. the change of the vortex shedding frequency and the lift/drag coefficients with the Reynolds number and with time, and the coexistence of modes A and B in the wake. Besides new features on flow transition and vortex dynamics that have not been noticed before are addressed.
is just beyond the critical Reynolds number of mode A. The numerical results of the present paper indicate that the near wake at this supercritical Reynolds number presents some transitional behavior. The spanwise characteristic length determines the transition features and global properties of the wake. Particularly for the specific spanwise characteristic length, e.g. mode Î c X v
, linear stable mode can dominate the wake in place of mode A and determine the spanwise phase difference of the primary vortices shedding.
At P R Q v F G and 300 it is found that the streamwise vortices evolve into a new type of mode--"dual vortex pair mode" downstream. From the surface of the cylinder to the formation region of the vortices then to the wake downstream, the structure of the streamwise vortices switches among mode A, mode B and dual vortex pair mode. At P R Q v F G
, an independent low frequency ô )
other than the vortex shedding frequency ô 1 is identified. Interaction between ô ) and ô 1 occurs and leads to spectrum broadening. They result in the irregularity of the temporal signals and may be a key factor of the transition of the wake to the spatio-temporal chaos and turbulence. Based on the formation analysis of the streamwise vorticity near the surface of the cylinder, it is suggested that mode A is originated in the three-dimensionality of the incoming flow past the cylinder and the emergence of the spanwise velocity component. In addition the distribution of energy among the spanwise modes with different wave numbers, and the change of the spectrum are presented.
The new findings of the transition phenomena and vortex dynamics, e.g. the dual vortex pair mode and the independent low frequency ô )
are based on the present DNS results. Further experimental researches on these features are expected.
